Abstract. Intergrowth and stacking disorders are often found in minerals and synthetic zeolites and inorganic openframeworks. Structure elucidation of stacking disorders in these materials have been difficult and structure solution of stacking disorders in unknown zeolites and open-frameworks has been challenging. There exist no standard methods for structure analysis of such disordered materials. In this review we present various stacking disorders and intergrowth in a number of representative zeolite families containing stacking disorders. These include zeolite beta, SSZ-26/SSZ-33, ITQ-39, ABC-6, ZSM-48, SSZ-31, UTD-1, faujasite FAU/EMT, pentasil ZSM-5/ZSM-11, ITQ-13/ITQ-34, ITQ-22/ITQ-38 etc. Stacking disorders in open-frameworks containing mixed coordinations, including titanosilicates ETS-10 and ETS-4, and the silicogermanate SU-JU-14 are also described. Various crystallographic methods used for solving disordered structures are summarized. The methods include powder X-ray diffraction (PXRD), electron diffraction, high resolution transmission electron microscopy (HRTEM), and single-crystal X-ray diffraction. Examples of model building combined with simulations of PXRD and single crystal X-ray diffraction to verify the structure models are given.
Introduction
Zeolites and related inorganic open-framework materials are interesting due to their large structural diversity and vast industrial applications in catalysis, adsorption, separation, ionexchange, nanosensors and host-guest assembly [1] . The properties of these materials depend on the pore size and shape, the channel dimensionality and the chemistry of the framework. Structure determination is important to understand the properties of the materials, and to further modify and improve the functionality and performance of the materials.
Single crystal X-ray diffraction and powder X-ray diffraction (PXRD) have been the main techniques for structure analysis of zeolites and open-frameworks. Electron crystallography has several important advantages in structure analysis of these materials; single crystal electron diffraction can be collected from micro-and nano-sized crystals and high resolution transmission electron microscopy (HRTEM) images can be obtained, from which crystallographic structure factor phase information can be extracted [2] . During the past years, several of the most complicated zeolite structures were solved by electron crystallography alone [3, 4] or together with PXRD [5] [6] [7] [8] [9] .
Intergrowth and stacking disorders are often found in zeolites and inorganic open-frameworks and affect the catalytic and sorption properties. Structure elucidation and structure analysis of these materials have been difficult. There exist no standard methods for structure analysis of such disordered materials. Combinations of different techniques such as PXRD, selected area electron diffraction (SAED), HRTEM, solid state NMR and sorption measurement are often needed. Most structures with stacking disorders were solved by model building from related known structures. However, structures of many disordered materials remain unsolved because of the high technical demands and model building skills. In order to determine the structures of disordered materials, it is important to know from what the disorders originate, what characteristic features they give rise to in diffraction patterns, how the structures can be solved and how the disorders are quantified.
In this review we will focus on stacking disorders in zeolites built of TO 4 (T ¼ Al, Si, B, etc) tetrahedra and openframework titanosilicates and silicogermanates containing mixed coordinations. We will describe the characteristics of stacking disorders and summarize the methods used for determination of their structures. The methods include singlecrystal X-ray diffraction, PXRD, SAED and HRTEM. Some industrially important and/or structurally representative zeolites and open-framework titanosilicates and silocogermanate are used as examples. The space group and unit cell parameters of these materials are given in Table 1 . 
Characteristics of diffraction by crystals with stacking disorders
Stacking disorders occur when different building units (layers or tubes) intergrow within the same crystal or the same building unit type is connected in different ways. Random stacking of the building layers generate diffuse streaks perpendicular to the building layers or in parallel to the building tubes in reciprocal space. The SAED pattern and HRTEM image in Fig. 1 show a typical example of the stacking disorder in zeolite beta, built from the same building layer. In many structures consisting of stacking disorders, for example zeolite beta, a crystal is built from the same building layer that is stacked with a translational disorder of the layer. The translations often have defined values and direction, giving rise to certain characteristics in the diffraction patterns. This characteristics is helpful for analysis of disorders. In this section, we will focus on planar disorders and deduce the relationship between the translational disorder of a building layer and the characteristics in diffraction. General approaches for calculating kinematical diffraction from crystals with planar faults as well as their applications have been described in the Refs. [74] [75] [76] [77] [78] .
We start with a perfect crystal. The structure factor F(u) of the crystal can be expressed as
where f j (u) is the atomic scattering factor of the j-th atom in the layer, r j is the fractional coordinate of the j-th atom, N L is the number of atoms in the layer and N C the number of building layers in the crystal. Diffraction from such a perfect crystal results in discrete sharp diffraction spots for all reflections.
Now we create a crystal with a translational stacking disorder from a perfect crystal. First we divide the crystal into N s slices with M m building layers in the m-th slice. Then we translate all atoms in the m-th slice by a vector t m relative to the perfect crystal. Thus the structure factor for the disordered crystal F D (u) can be expressed as
(2) can be simplified to (3) below:
Combining (1) and (3), we get:
For reflections with ðu Á t m Þ ¼ n, where n is an interger,
M m ¼ N C , we obtain the following condition:
In single crystal X-ray and electron diffraction patterns, reflections with ðu Á t m Þ ¼ n are not affected by the translational disorder and appear as sharp diffraction spots with the same intensities as those of the perfect crystal. For other reflections, diffuse streaks occur, and the direction of the streaks is perpendicular to the building layer. In PXRD patterns, reflections with ðu Á t m Þ ¼ n appear as sharp peaks and reflections with streaks become broad peaks. The characteristic features in diffraction when other stacking disorders than translations are involved can also be deduced in a similar way. Generally speaking, diffuse streaks are expected for all reflection columns and are oriented in parallel to the stacking directions and perpendicular to the building layers. The characteristic features in diffraction patterns have been essential for structure solution of many zeolites and related open-framework structures, where model building has been an important approach to establish the structure models.
Simulation of planar defects by DIFFaX
A general recursion algorithm for calculating kinematical diffraction intensities from crystals containing planar defects was developed by Treacy et al. [77] . The method exploits the self-similar stacking sequences that occur when layers stack non-deterministically. This recursion algorithm was implemented in the program DIFFaX to simulate PXRD and neutron diffraction patterns as well as single crystal electron diffraction patterns. The program can be used to verify the structure models and quantify different polytypes. To simulate PXRD patterns by DIFFaX, the first step is to identify and isolate a number of unique layers to be used for the simulations and extract the atomic coordinates. The layers can be either identical or related by a symmetry operation such as a rotation, mirror reflection or inversion center. The number of unique layers choosen for simulation should be sufficient so that all stacking disorders in the structure can be described by just applying layer translations. The number of layers depends on the structure and stacking disorders. Note that the layers used in DIFFaX can be either the same or different from the building layer of the structure.
Once the layers are selected, the disordered structures can be built by stacking the layers on top of each other. The stacking can be described by a probability matrix a of the order n Â n, where n is the number of unique layers used in the simulation. Each element a ij in the matrix refers to the probability of layer j stacking over layer i in the sequence. The relative shift between layer i and j is always the same. An example of the probability matrix for a crystal composed of three unique layers A, B and C is given below [79] The probabilities are a AA ¼ 0.50, a AB ¼ 0.25 and a AC ¼ 0.25, indicating that layer A has 50% probability of being followed by layer A, 25% probability of being followed by layer B and 25% probability of being followed by layer C.
DIFFaX allows calculation of incoherent sum of scattered intensities from a number of layers stacked onto each other along a certain direction. Diffraction patterns as a function of the stacking probability of the layers can be calculated and compared to the experimental diffraction patterns. In such a way, the probability of the different stacking sequences, or the ratio of different polytypes, could be estimated. Several examples are given in [77] .
DIFFaX has been widely used in different fields, especially in zeolites and clay minerals to simulate electron diffraction, powder X-ray and neutron diffraction patterns. One limitation of DIFFaX is that it doesn't allow quantitative comparison of simulated data with experimental data.
Leoni et al. modified the original DIFFaX code to a program DIFFaXþ, which allows simultaneous refinement of instrumental, structural and microstructural parameters against the experimental diffraction data [79] .
Stacking disorders in zeolites
4.1 Zeolite Beta ( * BEA)
Zeolite beta was first synthesized by researchers at Mobil Oil Co. [10] , but its structure was not known until 1988, when Newsam et al. [11] and Higgins et al. [12] independently reported the structure models of zeolite beta. The structure of zeolite beta possesses three-dimensional intersecting channels that are delimited by 12-ring windows defined by twelve (Si, Al)O 4 tetrahedra. Zeolite beta is a heavily faulted material formed by epitaxial stacking of a topologically identical building layer (Fig. 2a) . The neighboring layers are related by a rotation of AE 90 around the axis perpendicular to the layer. Depending on the shift of the neighboring layers, different polytypes of zeolite beta can be constructed. Figure 2b -d present three polytypes with different stacking sequences viewed in parallel to the layer, denoted as polytypes A, B and C. The space group and unit cell parameters are given in Table 1 . In zeolite beta polytype A, succesive layers stack with a relative translation in a sequence of (1/3a, 0), Zeolite beta is an intergrowth of the beta polytypes A and B, with almost equal probability for each polytype. The three-letter framework code of beta is * BEA, approved by the Structure Commission of the International Zeolite Association [64] . The structure models of beta were determined by HRTEM, electron diffraction and computer-assisted modelling [11] . 4-, 5-, 6-and 12-rings as well as the pore stacking sequences could be identified from the HRTEM images, from which a structure model of the projection was derived. The pore stacking was identified to be two types ABAB. . . and ABCABC. . ., with the shift of one-third of the intralayer pore spacing. The unit cell and possible space groups were determined from a series of SAED patterns. Electron diffraction also showed diffuse streaks in parallel to the c * -axis for reflections with h 6 ¼ 3n or k 6 ¼ 3n, and sharp spots for reflections with h ¼ 3n and k ¼ 3n, which agrees with the stacking sequences observed by HRTEM. Computer-assisted modelling was used to derive the three-dimensional models of polytypes A and B, based on the structure projection deduced from the HRTEM image. In addition, a hypothetical model of polytype C was proposed. The real materials with the framework of polytype C (framework code BEC) were first reported as a germanate FOS-5 by our group [15] and later as a silicogermanate ITQ-17 by Corma's group [16] .
The structure model of zeolite beta with intergrown polytypes A and B was confirmed by simulation of PXRD patterns using the program DIFFaX [77] . A series of PXRD patterns with different A/(AþB) ratios is shown in Fig. 3a . A comparison of the simulated and experimental PXRD patterns showed that the best fit for A/(AþB) ratio is 0.44 ( Fig. 3b and c) , indicating that the sample contains 44% of polytype A and 56% of polytype B.
Zeolite beta with different A/(A þ B) ratios could be synthesized. Examples are the polytype A enriched beta with 70% polytype A [14] , polytype B enriched beta with 85% polytype B [17] , and a random intergrowth of polytypes A and C H [13] . Polytype C H is a hypothetical polytype C proposed by Higgins et al. [12] , an ordered intergrowth of polytypes A and B in which one of the crystallographic projections is equivalent to those in polytype A and another projection is equivalent to those in polytype B. Recently we synthesized a new germanosilicate material SU-78 [80] , which is an intergrowth of the polytypes D and E of beta proposed by Burton and coworkers [13] . The structure of SU-78 was determinated by combining single-crystal X-ray diffraction and electron crystallography. In zeolite beta polytype D, the succesive layers stack with a relative translation of (1/3a, 0). The stacking sequence of the 12-ring channels is AA. . . along [100] and ABCABC. . . along [010] . In zeolite beta polytype E, the succesive layers stack with a relative translation in an alternative sequence of (1/3a, 0) and (À1/3a, 0). The stacking sequence of the 12-ring channels is AA. . . 
SSZ-26 and SSZ-33 (CON)
SSZ-26 and SSZ-33 were first reported by Lobo et. al. in 1993 and belong to a family of zeolites with three-dimensional intersecting 10-and 12-ring channels [18, 19] . SSZ-26 is an aluminosilicate analogue in the family while SSZ-33 is a borosilicate analogue. Both materials have stacking disorders and are constructed from the same framework building layer. The building layers, aligned in the abplane, stack along the c * -axis with a shift of either þ1/3b or À1/3b. Both SSZ-26 and SSZ-33 are an intergrowth of two polytypes A and B, with the pore stacking of ABAB. . . and ABCABC, respectively ( Fig. 4a and b) . The pure polytype B was later reported as a borosilicate CIT-1(CON) [20] . The polytype C of the family, where the layers stack without any shifts, was synthesised by Castaneda et al., denoted as ITQ-24 [21] .
The structures of SSZ-26 and SSZ-33 were originally solved by combining HRTEM, SAED, PXRD, adsorption measurements and model building [18, 19] . Electron diffraction gave rise to sharp spots for reflections with k ¼ 3n and diffuse streaks for the remaining reflections (insert in Fig. 4c ). This indicated the presence of stacking disorder along the c * -axis. The lateral shift between successive layers was one-third of the repeating distance along the b-axis. HRTEM further confirmed the stacking disorder (Fig. 4c) , and a model of the structure projection consisting of 10-ring channels was proposed. Structure models of the two polytypes A and B could be deduced by model building (Fig. 4a and b) , based on the unit cell, results of adsorption measurement and the structure projection obtained from the HRTEM image. By comparing the experimental PXRD pattern with the simulated PXRD patterns incorporating the disorder using DIFFaX, the A/(A þ B) ratio was estimated to be 30% in SSZ-26 and 15% in SSZ-33. The disorder of the structure is related to zeolite beta when viewed along [100] . Different from zeolite beta where the shifts are along two directions, SSZ-26/SSZ-33 has only shifts along one direction (b-axis).
ITQ-39
ITQ-39 is a heavily disordered aluminosilicate consisting of three distinct polytypes A, B and C built from the same layer but with different stacking sequences (Fig. 5 ) [4] . The building layer contains 4-, 5-, 6-and 12-rings (Fig. 5c) . The pore stacking sequence is ABAB. . . in polytype A, ABC. . . in polytype B and AA. . . in polytype C (Fig. 5b) . ITQ-39 contains straight pair-wise 12-ring channels that intersect with zigzag 10-ring channels in three-directions. It is an excellent catalyst for alkylation of aromatics from heavy naphtha and olefins from light naphtha. This is a process to convert gasoline into diesel fuel, being of emerging interest for the petrochemical industry [4, 22] .
The ITQ-39 material is an intergrowth of three polytypes A, B and C, which contain 28, 28, 16 topologically independent Si/Al atoms, respectively. In addition, two other types of faulting are present in the material, making ITQ-39 one of the most complex zeolites ever solved. The structure of ITQ-39 was solved by electron crystallography using two new software-based methods; the rotation electron diffraction (RED) tomography [81] and the through-focus structure projection reconstruction [82] . These two methods are especially useful for studying faulted crystals [4] . The 28 symmetryindependent T-atoms could be located directly from the 3D potential map. The refined structure model of ITQ-39 is superimposed and only the T-T connections are shown. On the left part of the HRTEM image in (a), the 10-ring channels in some rows seem to be divided into two parts. This is due to the stacking disorder within the layer generated by a shift of 1/3b of the 10-rings, leading to zig-zag 10-ring channels along the a-axis. [4] The RED tomography allows automatic collection of 3D electron diffraction data with fine sampling (down to 0.001 ) [81] . 3D reciprocal lattice could be reconstructed from the RED data. The unit cell could be determined from the reconstructed 3D reciprocal lattice. In addition, the twinning and stacking faults in ITQ-39 could be identified. This is similar to that for single crystal X-ray diffraction but on crystals million times smaller than those needed even on a synchrotron X-ray source.
The through-focus structure projection reconstruction method determines the defocus and astigmatism and corrects for the distortions in each HRTEM image in a through-focus series to retrieve the structure projection [82] . From the structure projections reconstructed from the through-focus series of HRTEM images, crystallographic structure factors could be extracted from domains of only a few nanometers in size. A 3D electrostatic potential map could be reconstructed from the structure factors obtained from the HRTEM images along two basic axes (Fig. 5d) . All Si/Al atoms could be located from the 3D electrostatic potential map. Figure 5a shows a reconstructed HRTEM image taken along a with the corresponding SAED pattern inserted. The HRTEM image shows layers with 10-ring channels that stack along c * with three different stacking sequences; ABAB. . . (polytype A), ABCABC. . . (polytype B) and AA. . . (polytype C). The faulting has a shift of AE1/3b. The SAED pattern clearly contains diffuse streaks for reflections with k 6 ¼ 3n. In order to simulate PXRD patterns of the ITQ-39 material consisting of intergrowth of three polytypes, twelve unique layers were constructed. The simulated PXRD pattern that fits best the experimental one is from a model consisting of an intergrowth of 45% polytype A, 45% polytype B and 10% polytype C and twinning with twin domains of 6 nm in thickness along c * , as shown in Fig. 6 .
ABC-6 Family
The ABC-6 family of zeolites contains many important materials. Their structures can be regarded as stacking of layers containing individual planar 6-rings (Fig. 7a) . The 6-rings in one layer can be connected to the next layer of 6-rings in three different ways, without any shift (posi- Fig. 6 . Comparison of simulated and experimental PXRD patterns obtained from a calcined pure silica ITQ-39 sample. The simulated PXRD pattern was calculated using DIFFaX from a model containing both the intergrowth of 45% A, 45% B and 10% C and twinning with twin domains of 6 nm in thickness along c * , as estimated from the HRTEM images [4] . tion A), by a shift of (2/3a, 1/3b) (position B), or by a shift of (1/3a, 2/3b) (position C) (Fig. 7b) . Different combinations of the A, B and C-layers generate infinite possibilities of stacking sequences, with increasing number of layers in the stacking sequences. The simplest one is cancrinite (CAN) consisting of two unique layers with the stacking sequence of AB(A). . . [23, 24] . Two structures have been found consisting of three layers, sodalite (SOD) with stacking sequence of ABC(A). . . [25, 26] and offretite (OFF) with stacking sequence of AAB(A). . . [27] [28] [29] [30] .
Recently the structure of a mineral sacrofanite was reported, containing 28 layers with the stacking sequence of ABCABACACABACBACBACABABACABC(A). . . [34] . A special class of the ABC-6 family contains only double 6-rings (D6R), with the stacking sequences of AA, BB or CC. Gmelinite (GME) [31] and chabazite (CHA) [32, 33] belong to this ABC-D6R class. More than thirty different materials have the CHA framework [64] .
The different structures of the ABC-6 family can easily intergrow into each other. A typical intergrowth is chabazite-gmelinite consisting of only double 6-rings (Fig. 7c) . Another type of intergrowth is offretite-erionite (OFF-ERI), built of alternative stacking of single and double 6-rings (Fig. 7d) . The intergrowth of erionite with other structures such as offretite was studied by Millward et al., see Fig. 8 [88] . Babelite is a random stacking of double 6-ring layers AA, BB and CC [84] and contains cages of 7 Å in diameter and various lengths of 5n Å (n ¼ 1, 2, 3 . . .). The cage length of 5 Å is as in gmelinite (GME), 10 Å as in chabazite (CHA), 15 Å as in AlPO 4 -52 (AFT) [85] . Zeolite Linde D [86] , Phi [87] , LZ-276 [88] and LZ-277 [87] are disordered forms of chabazite with different levels of faulting probabilities. They all belong to the members of the faulted chabazite-gmelinite group of the ABC-D6R family.
ZSM-48 ( * MRE)
ZSM-48 is a disordered high-silica zeolite with one-dimensional 10-ring channels. It was first discovered as an impurity phase in ZSM-39 by Schlenker et al. 1981 [35] . The structure was determined by combining PXRD, electron diffraction, adsorption, catalytical results and model building. A combination of PXRD and electron diffraction indicated that the ZSM-48 has an orthorhomic lattice with pseudo-I-or C-cenering, with a ¼ 14.24(3), b ¼ 20.14(4) and c ¼ 8.40(2) Å . Because of the similarity of the a and b parameters between ZSM-48 and ferrierite [89] , a structure model of ZSM-48 based on the ferrierite sheet (Fig. 9a) was derived [36] . Different up (U) and down (D) configurations of the four independent T-atoms in the ferrierite sheets gave rise to 28 polytypes with four different space groups. Two of the polytypes, UUDD-Cmcm (Fig. 9c ) and UDUD-Imma (Fig. 9f) show good agreements between simulated and experimental PXRD patterns of ZSM-48. The 10-ring channels in the polytypes are constructed by rolled up honeycomb-like sheets of fused 6-rings (Fig. 9b) , which stack in a stacking sequence of ABAB. . . (Fig. 9d and e) and ABCABC. . . (Fig. 9c and  f) . Schlenker et al. proposed that ZSM-48 is an intergrowth of the two polytypes [36] . SAED and HRTEM were also used to investigate ZSM-48 ( Fig. 10) [38] .
Lobo et al. [37] found that although the experimental PXRD pattern and simulated PXRD pattern based on a random intergrowth of the two polytypes have a fairly good agreement, there are still some differences suggesting that the model proposed by Schlenker et al. [36] may not capture some important features. They presented a new description of the disorder based on different connections of the 10-ring channels. The 10-ring channels are oriented in parallel and can be linked to four neighboring 10-ring channels. The neighboring channels can be connected either without any shift with respect to each other or with a shift of half of the repeating distance along the channel direction (¼ 0.5Â8.40 Å ). Additional T-T-dimers fill spaces between the channels. Different combinations of the connections give rise to nine simplest polytypes, four of them are shown in Fig. 9c-f . Lobo et al. found that ZSM-48 is not a code for one material but for a family of materials with different degrees of disorder, with the framework code * MRE. Other materials with the * MRE topology are ZBM-30, EU-2, EU-11, COK-8 [39] and IZM-1 [39] . COK-8 is reported as one of pure polytypes of * MRE [39] .
SSZ-31( * STO)
SSZ-31 is a family of high-silica zeolite materials containing one-dimensional 12-ring channels along the b-axis. SSZ-31 was first reported by Zones et al. in 1992 [40] . The structure was solved by Lobo et al. combining adsorption measurements, electron diffraction, HRTEM and PXRD [41] . SSZ-31 can be described either as an intergrowth of four different but structurally related polytypes [41] or by different connection modes of parallel 12-ring channels constructed by rolled up honeycomb-like sheets of fused 6-rings [42] .
There exist two types of disorders in SSZ-31, which result in diffuse streaks in two different directions, as shown in Fig. 11a and b. The 12-ring channels are constructed of rolled up honeycomb-like sheets of fused 6-rings. Neighboring channels can be connected either without any shift with respect to each other along the channel direction (b-axis), or by a shift of 1/2b. The stacking of the 12-ring channels perpendicular to the ab-plane requires a shift of AE1/3a, as seen in the HRTEM images in Fig. 11c and d . This shift creates two types of disorder similar to those in zeolite beta, with stacking sequences of ABAB. . . and ABCABC..., respectively. A combination of these two types of disorder with shifts along the a-and the b-axis (Fig. 11e) gives rise to ten different polytypes. All of them can intergrow without creating any restrained bond angles or distances [42] .
The basic structure unit of SSZ-31 shows several striking similarities to other high-silica zeolites. The projection of SSZ-31 along the 12-ring channel is the same as those of zeolite ZSM-12 and beta (Fig. 12a) . The unit cell along the channel is 5 Å for ZSM-12, 8.4 Å for SSZ-31 and 12.7 Å for beta. The main difference between these zeolites is the connectivity of the T-atoms down the pore direction. Zeolite SSZ-31 and SSZ-24 also show several similarities (Fig. 12b) . The framework of SSZ-31 is closely related to those of ZSM-48 and UTD-1, all are constructed of T-atoms in up and down configurations. As shown in Fig. 12c , SSZ-31 can be envisioned as the s-expansion of ZSM-48, while UTD-1 can be envisioned as the 2s-expansion of ZSM-48. This gives rise to 10-ring channels in ZSM-48, 12-ring channels in SZZ-31 and 14-channels in UTD-1. All of them are based on the packing of one-dimensional channels [41] . 
UTD-1 (DON)
UTD-1 is a disordered high-silica zeolite containing onedimensional 14-ring channels. Disorder arises because the structure can be built with different up (U) and down (D) configurations, as shown in Fig. 13 . The UTD-1 materials is an intergrowth of the two polytypes, as shown in Fig. 13 [43] . An ordered form of UTD-1 (denoted as UTD-1F) was also reported, with strict upÀdown alternation in the 14-rings and double crankshaft chains linking the neighboring 14-ring channels [44] .
FAU/EMT intergrowth
Faujasite type zeolites are among the most well known zeolites and include two different polytypes; the cubic polytype FAU and the hexagonal polytype EMT. The framework of both FAU and EMT has three-dimensional intersecting 12-ring channels. FAU has a cavity of 13.0 Å in diameter accessible through the 12-ring windows (7.4 Å ). One of the most important zeolite catalysts in the pertrochemical industry has the FAU framwork type. Both EMT and FAU are built from layers of sodalite cages connected through the 6-rings (Fig. 14b and c) . Half of the sodalite cages point upward and half downwards. In EMT, neighboring layers are related by a mirror symmetry with the ABAB. . . stacking (Fig. 14b) , while in FAU neighboring layers are related by an inversion center with the AB-CABC. . . stacking (Fig. 14c) [83] . The intergrowth between FAU and EMT have been studied by HRTEM (Fig. 14a) [45, 46] . Materials related to the intergrowth of the two polytypes are CSZ-1, CSZ-3, ZSM-3, ZSM-20, ECR-30 [45] .
ZSM-5(MFI)/ZSM-11(MEL)
The aluminosilicate zeolites ZSM-5 and ZSM-11 were first reported in 1978 by Kokotailo et al. [47, 48] . They contain three-dimensional intersecting 10-ring channels. ZSM-5 has straight 10-ring channels along b that are interconnected to the zigzag channels along a and c. It is one . . can be identified and were used to solve the structure of SSZ-31 [34] . (e) Illustration of four different connection modes of the 12-ring channels in the SSZ-31 family. The neighboring channels can be shifted along both a-and b-directions [42] . Fig. 12. (a-b) Comparison of the SSZ-31 framework to other zeolite frameworks [41] .
of the most important catalysts in pertrochemical industry. The framework code is MFI for ZSM-5 and MEL for ZSM-11. Both ZSM-5 and ZSM-11 are built from a pentasil layer constructed of 5-rings. In ZSM-5 the neighboring layers are related by an inversion center (Fig. 15a) , while in ZSM-11 the neighboring layers are related by a mirror symmetry (Fig. 15b) . Similar to that in the faujasite FAU/ EMT family, intergrowth between ZSM-5 and ZSM-11 can occur [49] . An intergrowth model together with the symmetry operations is given in Fig. 15c . More than 20 materials have the framework type of MFI and six with the framework of MEL [64] .
ITQ-13(ITH)/ITQ-34(ITR)
Zeolites ITQ-34 and ITQ-13 both have three-dimensional intersecting 9-, 10-and 10-ring channels. Their frameworks are built from the same building layers that stack differently to form different polytypes. ITQ-13 is made up by an AA... stacking of the layers along the a-axis, while the stacking sequence is ABAB. . . along c for ITQ-34. ITQ-13 and ITQ-34 can intergrow into new materials with different ratios of ITQ-13 and ITQ-34 as observed by PXRD. SAED and HRTEM have been used to character-X-ray and electron crystallography 21 Fig. 13 . Two of the four polytypes C and D in the UTD-1 family. UTD-1 can be regarded as an intergrowth of these two polytypes. The up and down configuration of the T-atoms is represented by empty (U) and solid (D) circles, respectively [43] . ize the intergrowth [50] . HRTEM images show that both materials intergrow in a disordered sequence along the a-axis of ITQ-13 in all compositional range (Fig. 16 ).
ITQ-22 (IWW)/ITQ-38
ITQ-22 is a germanosilicate with a three-dimensional channel system of 8-and 12-ring channels along [001] and 10-ring channels along [010] and [120] (Fig. 17b ) [51] . Recently we reported the struture of a new germanosilicate zeolite ITQ-38 with a three-dimensional channel system of 10-and 12-ring channels along [010] and 10-ring channels along [100] and [101] (Fig. 17a) [52] . ITQ-38 could be found as perfect crystals as well as intergrowth with ITQ-22 (IWW) (Fig. 17c) [52] . The structure of ITQ-38 was solved from HRTEM images taken along [010] and [101] [52] . The frameworks of both ITQ-22 and ITQ-38 are built from the same building layer, as marked in Fig. 17a and b. There are two possible ways to connect the layers, where the neighboring layers are related either by an inversion center as in ITQ-38 or by a glide plane as in ITQ-22. The Fourier transform from the intergrown region of ITQ-22 and ITQ-38 consists of streaks perpendicular to the layers (Fig. 17e) .
Stacking disorders have also been reported in many other zeolite materials. RUB-3 and RUB-4 belong to the decasil family, where RUB-3 represents an ordered polytype while RUB-4 is a disordered material [53, 54] . SSZ-36 is an intergrowth of ITQ-3 (ITE) [79] and RUB-13 (RTH) [56, 57] . SSZ-54 is an intergrowth of SSZ-32 (MTT) and ZSM-22 (TON) [58] . An intergrowth of SSZ-35 (STF) and SSZ-44 (SFF) [59] was also reported [60] . is an intergrowth of three structurally related zeolites NU-87 (NES) [62] , EU-1(EUO) [63] and nonasil (NON) [64] .
Stacking disorders in open-frameworks with mixed coordinations

ETS-10
ETS-10 is a highly disordered large pore open-framework titanosilicate (Na 2 TiSi 5 O 13 ) and contains octahedrally coordinated titanium and tetrahedrally coordinated silicon. The TiO 6 octahedra form chains by corner sharing and connect laterally with SiO 4 tetrahedra. The disordered ETS-10 material contains three-dimensional interconnected 12-ring channels and can be described as an intergrowth of two different polytypes A and B (Table 1 and Fig. 18 ), both are built from the same layer [65, 66] . Each layer contains two sets of orthogonal corner-sharing TiO 6 chains and two sets of orthogonal 5-ring SiO 4 chains of tetrahedra that are linked by TiO 6 octahdera. The adjacent layers are shifted laterally by AE1/4a and AE1/4b, resulting in four possibilities for the connection of the layer. In polytype A, the layers stack with a shift in a sequence of (1/4a, 1/4b), (À1/4a, À1/ 4b) (P4 1 ) or (1/4a, À1/4b), (À1/4a, 1/4b) (P4 3 ) (Table 1) and consequently the 12-ring channels stack in a sequence of ABAB. . . (Fig. 18c) . In polytype B, the layers stack with the shift in a sequence of (1/4a, 1/4b), (1/4a, 1/4b), (1/4a, 1/4b) (C2/c) and consequently the 12-ring channels stack in a sequence of ABCABC. . . (Fig. 18b) . Whenever a stacking disorder occurs, there is a lateral shift by (1/2a, 0), (0, 1/2b) or (1/2a, 1/2b). This gives rise to sharp reflections with indices h ¼ 2n and k ¼ 2n and the remaining reflections as broad peaks in PXRD patterns and streaks in paral-
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T. Willhammar and X. Zou lel to c * , as seen in the insert in Fig. 18a . Electron diffraction and PXRD patterns simulated using DIFFaX show good similarities to the experimental patterns, thus confirming the structure model. In addition to the stacking disorder, other defects are also observed in ETS-10. For example different region in the same layer has different lateral shift, which can enlarge the pores at the interfaces when two 12-ring channels meet, as shown in the HRTEM image in Fig. 18a . The structure of ETS-10 was first solved by Anderson et. al. using a combination of HRTEM, electron diffraction, PXRD, solid-state NMR, chemical analysis and model building [65] . HRTEM was applied to examine ring connectivity and local disorder of the framework. Chemical analysis was used to determine the atomic ratios. 29 Si solid state NMR was conducted to determine the local environment of silicon species. Distance least squares (DLS) analysis was used to refine the trial structure and finally simulations were performed to compare the experimental HRTEM images, electron diffraction and PXRD patterns with the ones simulated from the refined structure model. Single crystals of ETS-10 were later synthesized by Wang and Jacobson at 240 C under a pressure of 80 Mpa [67] . The space group of the single crystal ETS-10 was P4 1 /amd with a ¼ 7.4866(10) and c ¼ 27.407(5) Å . The stacking disorder was taken into account in the structure refinement using the single crystal X-ray diffraction data by assigning a partial occupancy to a disordered titanium atom.
ETS-4
ETS-4 is a disordered open-framework titanosilicate (Na 9 Si 12 Ti 5 O 38 (OH) Á 12 H 2 O) and contains tetrahedrally coordinated silicon, five-and six-(octahedrally) coordinated titanium. The synthesis of ETS-4 was first reported in a patent by Kuznicki in 1989 [68] . The structure of ETS-4 was reported in 1998 [69] . The framework of ETS-4 is very similar to that of the previously reported mineral zorite (Na 6 [Ti(Ti 0.9 Nb 0.1 )(Si 6 O 17 ) 2 -(O,OH) 5 ] Á 11 H 2 O) and consists of chains of six coordinated titanium octahedra in the b direction. These chains are connected in the c direction via 6-rings and in the a direction by either a 12-ring or a bridging titanosilicate unit. The structure of ETS-4 contains two different types of disorder. One is a layer-like stacking disorder along a similar to the disorder in ETS-10, with a shift of AE1/2b. The other is a disorder within the same layer and in this case the shift is also AE1/2b but the stacking direction is along c instead of a. The structure of ETS-4 can be described as an intergrowth of four polytypes as shown in Fig. 19 . An interesting feature of the ETS-4 framework is that the effective pore size can be systematically tuned through dehydration, making it an attractive system for gas separation [70] .
Since DIFFaX can simulate faulting in only one direction, Braunbarth et al. developed an approximate scheme to account for the simultaneous faulting in the a and c directions [71] . Faulting in the a direction was approximated by creating supercells composed of 9 unit cells (18 titanosilicate layers) along a. Randomly generated numbers were assigned to the 16 successive layers following the initial two layers. Each layer was located in either an ABCD. . . stacking sequence (monoclinic) or ABAB. . . stacking sequence (orthorhombic) according to the desired overall faulting probability in the a direction. Each supercell was then used to simulate faulting in the c direction by DIFFaX. In this way a good correlation between the experimental and simulated PXRD pattern was obtained. In order to further refine the structure a Rietveld refinement of the PXRD data was performed only including the peaks in the range between 16 to 100 where the intensities are less affected by the disorder. The refinement converged to an Rp of 5.30% and wRp of 6.97% [71] . Nearly defect-free single crystals of ETS-4 were later synthesized and the structure was determined by single crystal X-ray diffraction [72] .
SU-JU-14
SU-JU-14 is a disordered open-framework silicogermanate first synthesized by our group [73] . The structure consists of extended 24-ring channels built from [(Ge, Si) 7 (O, OH, F) 19 [(Ge, Si) 7 ] clusters and unbranched zweier silica SiO 4 double chains. The (Ge, Si) 7 cluster is constructed by one GeO 6 octahedra, two GeO 5 trigonal bipyramids and four (Ge, Si)O 4 tetrahedra. The (Ge, Si) 7 clusters are connected to form 24-ring channels along the c-axis, which are further connected by the unbranched zweier double chains to form a 3D framework containing intersecting 9-, 10-, 12-and 24-ring channels (Fig. 20a) .
Despite the large efforts, attempts to synthesize defect-free crystals of SU-JU-14 were not successful. Single crystal X-ray diffraction showed that the crystals always contain stacking faults, characterized by streaks along the a * -axis (Fig. 20c-e) . Sharp spots were observed for reflections with indices l ¼ 2n and streaks are found for reflections with indices l 6 ¼ 2n. Structure solution by direct methods using single crystal X-ray diffraction data showed that many atoms were too close to each other in the 3D electron density map, indicating disorders in the crystal. A careful analysis of the electron density peaks, taking into account the characteristics of the diffraction patterns, led to a structure model with two different configurations of the 24-ring channels ( Fig. 20a  and b) . The structure consists of stacking disorder of layered arrays along the a-axis. The adjacent arrays are shifted from each other by 1/2c, as illustrated in Fig.  20a-b . The structure of SU-JU-14 was refined against the single crystal X-ray diffraction data, with R1 ¼ 0.0885 for all reflections and a significantly lower R1 ¼ 0.0616 for sharp reflections with l ¼ 2. Single crystal X-ray diffraction of the disordered structure simulated using DIFFaX has a good agreement to the experimental one for both the sharp spots and diffuse streaks, as shown in Fig. 20c-e. 
Conclusions and perspectives
We have presented different stacking disorders in some representative zeolites as well as open-framework titanosilicates and silicogermanates containing mixed coordinations. The stacking disorders often originate from different connections of similar building units (layers or tubes), which lead to characteristic features in diffraction patterns represented by sharp and streaky reflections. An occurrence of sharp spots for every third column suggests that the relative lateral shift for neighboring layers is one-third of the lateral repeating distance in the layer, while an observation of sharp spots for every second column suggests that the relative lateral shift for neighboring layers is onehalf of the lateral repeating distance in the layer.
We have shown that structure solution of unknown zeolites and open-frameworks with stacking disorders has been challenging. Most of the structures were solved by combining different techniques; PXRD, SAED and HRTEM together with adsorption measurements and model building. An example of structure solution of a silicogermanate by single crystal X-ray diffraction was presented. The program DIFFaX has been the main tool to verify the structure models of disordered samples and estimate the quantity of the disorders.
Electron crystallography has been one of the most important techniques for solving structures of crystals too small for single crystal X-ray diffraction and too complex for powder X-ray diffraction. While HRTEM gives direct evidence of disorders, electron diffraction can also be used to analyze the disorders. Two new methods have been recently developed for collection of complete 3D electron diffraction data; automated electron diffraction tomography (ADT) [90] and rotation electron diffraction (RED) [81] . They will play important roles for structure determination of disordered crystals.
Further theoretical and technical developments are needed to make the solution of disordered structures more feasible. New methods and software for refinement of disordered structure models are essential to obtain precise atomic positions and make accurate quantification of the disorders.
